Background and Purpose-Inflammatory mechanisms have been implicated in the pathogenesis of atherosclerosis. In this study, we investigated whether the extent of inflammatory infiltration in high-grade stenoses of the internal carotid artery (ICA) correlates to clinical features of plaque destabilization. Methods-Endarterectomy specimens from 37 consecutive patients undergoing surgery for high-grade ICA stenosis were stained immunocytochemically for macrophages (CD68) and T cells (CD3 
T here is increasing evidence that inflammatory processes play a central role in the pathogenesis of atherosclerosis. 1 Atherosclerotic plaques exhibit significant infiltration by activated macrophages, T cells, and mast cells. [2] [3] [4] [5] Inflammatory cells release matrix-degrading enzymes and thrombogenic substances that may provoke plaque disruption and local thrombosis. [6] [7] [8] [9] Thereby, the local inflammatory process may be critically responsible for plaque destabilization manifesting clinically as acute ischemic syndromes such as unstable angina, myocardial infarction, and stroke. 10 Arterio-arterial thromboembolism from extracranial stenoses of the internal carotid artery (ICA) is an important pathogenetic mechanism of ischemic stroke. 11, 12 However, even high-grade ICA stenoses (Ն70% luminal narrowing) carry a highly variable annual risk of stroke that can be as high as 13% following a recent occurrence of transient cerebral or retinal ischemia or as low as 1% to 2% in clinically asymptomatic patients. [13] [14] [15] In many patients with high-grade ICA stenosis, long-term transcranial Doppler ultrasonography (TCD) can reveal clinically silent formedelement microemboli passing through the ipsilateral middle cerebral artery. 16 The rate of microemboli is higher in recently symptomatic than in asymptomatic patients, 17 predicts the occurrence of future ischemic symptoms, 18 and declines after carotid endarterectomy. 19, 20 This indicates that cerebral microembolism reflects a pathogenically relevant process located at the ICA atheroma and can provide reliable paraclinical evidence of "unstable ICA disease." 21, 22 In the present study, we performed a quantitative immunocytochemical analysis of inflammatory infiltration in endarterectomy specimens from 37 consecutive patients undergoing surgery for high-grade ICA stenosis, and asked whether the extent of inflammation correlates to plaque instability as evidenced clinically by the occurrence of ischemic symptoms and the rate of cerebral microemboli.
Subjects and Methods

Patients
This prospective study included 37 consecutive surgical inpatients (13 women, 24 men; age range, 41 to 75 years; median, 60 years) enlisted to undergo carotid endarterectomy for extracranial highgrade ICA stenosis (Ն70% luminal narrowing). 14, 15, 23 The degree of luminal narrowing was determined by intra-arterial cerebral angiography using the criteria of the North American Symptomatic Carotid Endarterectomy Trial (NASCET). 24 All patients had not used antiplatelet drugs or oral anticoagulants for more than 5 days. The study was approved by the local ethics review committee and performed in accordance with institutional guidelines. Informed consent was obtained from all patients before each examination. Thirty-two of the patients were part of a study population that was the subject of a recently published pathoanatomic study of carotid endarterectomy plaques. 21 For 7 of the original 39 patients of that study, only insufficient material for immunohistochemical analysis was still available. Therefore, additional 5 consecutive patients were included in the present study.
TCD Monitoring
All 37 patients received long-term TCD signal recording of the middle cerebral artery ipsilateral to the high-grade ICA stenosis for at least 1 hour as described in detail elsewhere. 17, 19 The audible TCD analog output signal was recorded digitally on tape (20 kHz sampling rate) for further off-line analyses and blinded rating. The "energy" (e) of a microembolic signal (MES) was calculated using the following formula: eϭ20* log (embolic signal power/background power) [dB] , where "embolic signal power" was the average of 4 fast Fourier transformation (FFT; 128 points, 75% overlap) lines including the MES and "background signal power" was the average of 2 seconds Doppler shift signal fast Fourier transformation lines without MES. The abnormal Doppler signals were identified as MES according to established criteria. 25 The averaged energy distribution of all MES was 2.93Ϯ1.29 dB. Interobserver agreement within the laboratory and between centers was very good. 19, 26 The patients were monitored 1 to 21 days before endarterectomy (median, 4.5 days).
Histological Procedures and Immunocytochemistry
After longitudinal arteriotomy, the carotid atherosclerotic plaque was excised en bloc by the vascular surgeon (routine endarterectomy). The fresh specimen was rinsed briefly in saline to remove surface blood and fixed immediately in 4% paraformaldehyde. After decalcification, the whole specimen was transversely sectioned at 2-mm intervals. Each tissue block was embedded separately into paraffin. For 32 patients, detailed pathoanatomic data with respect to the presence of plaque ulceration, luminal thrombosis, and the plaque composition (predominantly atheromatous versus fibrous) were available and have been reported previously. 21 For immunocytochemistry, serial 10-m sections from each block were mounted onto gelatin-coated slides. After deparaffinization, the sections were microwaved in 10 mmol/L sodium citrate buffer, pH 6.0, for 10 minutes, and incubated with monoclonal antibody KP1 against the macrophage marker CD68 (1:100 dilution) or rabbit polyclonal IgG against human CD3 (1:100) as a T-cell marker (all primary antibodies from DAKO). Sections incubated with normal mouse or rabbit IgG at the same dilutions served as negative controls. As a second step, biotinylated horse anti-mouse or goat anti-rabbit IgG (Vector) was applied and detected using the ABC ELITE kit (Vector) with diaminobenzidine as substrate.
Quantification
T cells were counted individually and expressed as the number of cells per mm 2 section area as determined by computer-aided planimetry (see below). This approach was not feasible in the case of macrophages that were often present in dense, nearly confluent infiltrates, making the delineation of individual cells impossible. Instead, we determined the area occupied by CD68-positive cells planimetrically and calculated the percentage of macrophage-rich areas. For computer-aided planimetry, the sections were computerized as color-encoded digitized images (Sony CCD camera, Hamamatsu DVS video image processing unit, NIH image analyzing software on an Apple Macintosh personal computer). Total section areas and areas of macrophage infiltration were outlined manually by comparing the computerized image with the microscopic image at ϫ4 and ϫ20 magnification. The value for Ϯ2 SDs of the mean of the differences between 2 blinded observers was 2.08% for macrophage planimetry and 6.3 cells per mm 2 section area for T-cell counts (see below for statistical analysis).
The mean number of 2-mm blocks examined per patient was 11.14Ϯ2.96 (meanϮSD). The total number of blocks examined in this study was 412. The SEM among blocks from the same patient was 0.35% for macrophage-rich areas and 129.1 cells per mm 2 for T cells, whereas the SEM among all blocks from all patients was 0.14% for macrophages and 5.8 cells per mm 2 for T cells.
Statistical Analysis
The agreement between 2 blinded observers for quantifying inflammatory plaque infiltration was calculated from the independent analysis of nϭ67 sections for T cells and nϭ102 sections for macrophages according to Bland and Altman. 27 The relationship between inflammatory infiltration and clinical features of plaque destabilization and between inflammatory infiltration and pathoanatomic features of the plaques was examined using the Mann-Whitney U test. Because we performed 2 statistical tests for each analysis, values of PϽ0.025 (0.05/2) were considered to indicate statistically significant findings (␣ adjustment according to modified Bonferroni procedure). 28 The proportions of asymptomatic and symptomatic patients in the 2 microemboli groups were compared with the use of 2 statistics.
Results
Using NASCET criteria, 21 of the 37 consecutive patients were defined as "symptomatic" based on a history of recent (less than 121 days before enlistment) occurrence of transient retinal or cerebral symptoms or minor ischemic stroke attributable to the high-grade ICA lesion. 24 "Asymptomatic" patients (nϭ16) were defined as those who had a history of no or only remote (more than 120 days) ischemic symptoms. Between both groups there were no significant differences with respect to age and sex distribution, the degree of stenosis, and the size of the specimen (total section area) obtained by endarterectomy (Table 1) .
Our immunocytochemical analysis revealed significant inflammatory infiltration in all specimens examined, although interindividually to a highly variable degree. Overall, macrophage and T-cell infiltration occurred coincidentally, and was most prominent in the fibrous cap overlying the atheromatous core of the lesions, especially in the immediate vicinity of the atheromatous core of the lesions (see the Figure) . With respect to the distribution of the cellular infiltrate, no major differences between symptomatic/asymptomatic or microemboli-positive/negative patients were apparent. Our subsequent quantitative analysis therefore focused on the overall macrophage and T-cell content of the plaques. Statistical analysis revealed that the percentage of macrophage-rich areas and the number of T cells per mm 2 section area were significantly greater in recently symptomatic than in asymptomatic patients (Table 2 ). In addition, macrophage infiltration was more pronounced in microemboli-positive than in microemboli-negative patients, and for T cells we found a clear trend (Table 3) .
In 32 patients, both immunohistological and pathoanatomic data were available for comparative analysis. Macrophage and T-cell infiltration were significantly more pronounced in predominantly atheromatous (ie, lipid rich) than in fibrous plaques (Table 4 ). In contrast, no significant correlation was found between the extent of inflammatory infiltration and the presence of plaque ulceration or lumen thrombus.
Discussion
In the present study we performed a quantitative immunocytochemical analysis of macrophage and T-cell infiltration in endarterectomy specimens of 37 patients undergoing surgery for high-grade ICA stenosis. Plaque destabilization was evidenced clinically by the preoperative occurrence of ischemic symptoms and cerebral microembolism in the territory downstream of the stenosis. As the main finding we found a significant association of inflammation with the occurrence of ischemic symptoms and cerebral microemboli. Thus, in line with findings in coronary artery disease, 29 -31 our data suggest an important role of inflammation in the destabilization of advanced carotid artery plaques.
Since we found both T cells and macrophages to be more abundant in unstable compared with stable ICA plaques, both cell types may be involved in the process of plaque destabilization. In fact, a large body of evidence suggests that a complex interplay between T cells and macrophages is critical for the initiation and progression of atherosclerotic lesions. 1, [32] [33] [34] In atherosclerotic plaques, T cells express surface molecules and cytokines indicative of antigen-specific activation. 35, 36 In line with a proposed role of oxidized lipoproteins as local stimuli of a T-cellmediated immune response, 37, 38 inflammatory infiltration was more pronounced in atheromatous, ie, lipid-rich, than in fibrous plaques. T-cell-derived cytokines like interferon-␥ 35, 39 activate macrophages that in turn release matrix-degrading metalloproteinases 6, 7 or prothrombotic molecules like tissue factor. 8, 9 In coronary artery disease, the ensuing plaque rupture and luminal thrombosis are currently regarded as critical events in plaque destabilization manifesting clinically as unstable angina or myocardial infarction. 10 In light of this pathogenetic concept, it was surprising to find an association of inflammation with clinical signs but not with the putative morphological equivalents of plaque instability. However, although a statistically significant relationship was lacking, macrophage infiltration showed a trend toward higher values in ulcerated plaques. The lack of a significant correlation may therefore result from the relatively small sample size of our present study. On the other hand, even in coronary arteries evidence supporting a direct causal relationship between inflammation and the induction of plaque rupture and lumen thrombosis is still circumstantial. Current data are mainly derived from the autopsy study of patients with acute occlusive coronary thrombosis and subsequent fatal myocardial infarction. In this context, van der Wal et al 31 demonstrated local accumulations of macrophages and T cells at sites of intimal rupture or erosion. However, this study did not include control groups without clinical and/or morphological evidence of plaque instability. In a study based on atherectomy specimens from patients with both stable and unstable coronary syndromes, Moreno et al 30 found a correlation between the plaque content of macrophages and the occurrence of unstable angina, but did not further address the relationship between inflammation and pathoanatomic features of plaque destabilization. Recent pathoanatomic studies of high-grade carotid stenoses showed a strong association of plaque ulceration and lumen thrombosis with cerebral microembolism 21 or clinical symptoms, 40, 41 and described local accumulations of macrophages and T cells at sites of plaque rupture. 42 However, they did not conclusively correlate inflammation to clinical instability. To avoid any bias introduced by preselecting "areas of interest," we focused our present analysis on the total plaque content of inflammatory cells rather than analyzing inflammation at sites of rupture or the most severe stenosis as done by Carr et al. 42 Therefore, the influence of a particular distribution of inflammation was not assessed in our present study, but should be the subject of further analyses in larger patient populations.
In the present study, macrophage and T-cell densities both exhibited some overlap between clinically stable and unstable patients. Thus, we found single clinically unstable patients with relatively sparsely infiltrated plaques and vice versa. This suggests that multiple pathogenic factors contribute to the clinical manifestation of high-grade ICA stenosis. A recent autopsy study of sudden coronary death cases showed that a considerable proportion of acute coronary thromboses developed over only superficially eroded coronary lesions that exhibited significantly less inflammation than deeply ruptured plaques. 43 With respect to our present findings, the question remains whether the pathogenic mechanism of plaque destabilization differs between strongly inflamed plaques and apparently "noninflamed" lesions. Furthermore, it remains to be deter- mined whether highly inflamed but clinically stable plaques carry an increased risk of future destabilization. Investigations based on endarterectomy specimens represent a "one-time-point" kind of analysis that necessarily disregards the dynamic nature of the underlying pathogenic processes. In particular, such studies leave the open question of whether inflammatory infiltration in fact precedes rather than follows plaque disruption, for example as part of a healing process reestablishing vessel integrity. The easy accessibility of the carotid artery might help to develop noninvasive diagnostic means that allow the direct monitoring of inflammatory activity in vivo. 44, 45 This provides the basis for prospective studies addressing the prognostic significance and therapeutic implications of inflammation in advanced atherosclerotic lesions.
